A technique is presented to recouple homonuclear dipolar couplings between dilute spin pairs such as 13 C-13 C systems under very fast magic angle spinning ͑MAS͒ in solid-state nuclear magnetic resonance ͑NMR͒ spectroscopy. The presented technique, finite pulse rf driven recoupling ͑fpRFDR͒, restores homonuclear dipolar interactions based on constructive usage of finite pulse-width effects in a phase-and symmetry-cycled -pulse train in which a rotor-synchronous pulse is applied every rotation period. The restored effective dipolar interaction has the form of a zero-quantum dipolar Hamiltonian for static solids, whose symmetry in spin space is different from that obtained by conventional rf driven recoupling ͑RFDR͒ techniques. It is demonstrated that the efficiency of recoupling by fpRFDR is not strongly dependent on chemical shift differences or resonance offsets in contrast to previous recoupling methods under very fast MAS. To realize distance measurements without effects of spin relaxation, a constant-time version of fpRFDR ͑CT-fpRFDR͒ is introduced, in which the effective evolution period is varied by refocusing dipolar evolution with a rotor-synchronized solid echo while the total recoupling period is kept constant. From CT-fpRFDR experiments at a spinning speed of 30.3 kHz in a field of 17.6 T, the 13 C-13 C distance of ͓1- C͔Gly-Gly was determined to be 3.27 Å, which agrees well with the value of 3.20 Å obtained by x-ray diffraction. Also, two-dimensional ͑2D͒ 
C dipolar recoupling under very fast magic angle spinning in solid-state nuclear magnetic resonance: Applications to distance measurements, spectral assignments, and high-throughput secondary-structure determination Yoshitaka A technique is presented to recouple homonuclear dipolar couplings between dilute spin pairs such as 13 C- 13 C systems under very fast magic angle spinning ͑MAS͒ in solid-state nuclear magnetic resonance ͑NMR͒ spectroscopy. The presented technique, finite pulse rf driven recoupling ͑fpRFDR͒, restores homonuclear dipolar interactions based on constructive usage of finite pulse-width effects in a phase-and symmetry-cycled -pulse train in which a rotor-synchronous pulse is applied every rotation period. The restored effective dipolar interaction has the form of a zero-quantum dipolar Hamiltonian for static solids, whose symmetry in spin space is different from that obtained by conventional rf driven recoupling ͑RFDR͒ techniques. It is demonstrated that the efficiency of recoupling by fpRFDR is not strongly dependent on chemical shift differences or resonance offsets in contrast to previous recoupling methods under very fast MAS. To realize distance measurements without effects of spin relaxation, a constant-time version of fpRFDR ͑CT-fpRFDR͒ is introduced, in which the effective evolution period is varied by refocusing dipolar evolution with a rotor-synchronized solid echo while the total recoupling period is kept constant. From CT-fpRFDR experiments at a spinning speed of 30.3 kHz in a field of 17.6 T, the 13 C- 13 C distance of ͓1- 13 C͔Ala-͓1- 13 C͔Gly-Gly was determined to be 3.27 Å, which agrees well with the value of 3.20 Å obtained by x-ray diffraction. Also, two-dimensional ͑2D͒ C resonances for the main chain as well as for the side chains are assigned based on 2D 13 C/ 13 C chemical-shift correlation patterns specific to amino-acid types. Examination of the obtained 13 C chemical shifts revealed the formation of ␤-strand across the entire molecule of A␤ [16] [17] [18] [19] [20] [21] [22] . Possibility of high throughput determination of global main-chain structures based on 13 C shifts obtained from 2D 13 C/ 13 C chemical-shift correlation under very fast MAS is also discussed for uniformly/segmentally 13 C-labeled protein/peptide samples. ͓DOI: 10.1063/1.1359445͔
I. INTRODUCTION
Solid-state nuclear magnetic resonance ͑NMR͒ has provided unique structural information such as internuclear distances [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and dihedral angles [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] through measurements of anisotropic interactions such as direct dipolar interactions and/or chemical shift anisotropies. Applications to biosupermolecular complexes such as membrane bound proteins [22] [23] [24] and amyloidogenic proteins [25] [26] [27] in fibrils have attracted great interest because many of their structures have been inaccessible by other methods such as x-ray diffraction or liquid state NMR, owing to their size, limited solubility, and difficulties in crystallization. Particularly, recent developments of dipolar recoupling techniques 28, 29 under magic angle spinning ͑MAS͒ have extended the potential of solid state NMR by enabling us to obtain structural constraints 1, [3] [4] [5] [6] [7] [8] 30 and assignment information 7, 31, 32 while retaining high sensitivity and resolution provided by MAS. So far, a variety of recoupling pulse sequences have been developed, and their characteristics and performances are summarized in recent reviews. 28, 29, 33 It has been shown that those for homonuclear dipolar recoupling between dilute spin pairs, especially 13 C- 13 C systems are exceptionally useful for investigating wide range of organic compounds including biomolecules 26, [34] [35] [36] and natural products. 7, 36 Hence, in this paper we concentrate on recoupling techniques designed for homonuclear spin systems, especially for 13 C- 13 C systems. Strategies for designing a homonuclear recoupling pulse sequence significantly depend on MAS spinning speeds. For moderate spinning speeds up to 10 kHz, POST C7, 8 and CMR7, 7 which are based on the C7 sequence developed by Lee et al., 6 have achieved a broad band recoupling and coma͒ pensated experimental nonidealities such as rf inhomogeneity. However, the maximum spinning speed at which these sequences work has been seriously limited by a problem related to 1 H decoupling, as described below. The 13 C-13 C dipolar recoupling experiment generally requires a 1 H decoupling field three times as strong as a 13 C rf field for recoupling, in order to avoid 1 H- 13 C recoupling 37, 38 induced by interference between these two fields. Such 1 H- 13 C recoupling leads to significant loss of 13 C signal during the recoupling sequence. On the other hand, the 13 C rf field in POST C7 and CMR7 should be matched to 7 R , where R /2 denotes a MAS spinning frequency; thus, the intensity of a 1 H decoupling field should exceed 21 R for proper performances. Consequently, the currently available 1 H decoupling field strength ͑typically, 100-150 kHz͒ has limited the spinning speeds under 8 kHz in those experiments. Similarly, the same problem has also restricted alternative schemes for 13 C- 13 C recoupling 4, 5, 39, 40 to relatively slow spinning speeds. More recently developed sequences SCP-5 41 and SC14 4 5,42 somewhat relaxed this restriction by reducing the 13 C rf field required for recoupling to 5 R and 3.5 R , respectively. However, the maximum spinning speeds for these experiments have been still limited to between 10 and 20 kHz.
Recent technological progress has enabled stable spinning at very high speeds over 20 kHz up to 40 kHz. 43 C nuclei, 47, 48 and higher resolution for uniformly 13 C-labeled systems. 49 However, strategies for designing recoupling sequences to restore 13 C-13 C dipolar interactions under very fast MAS have not been developed. In addition to the restrictions related to 1 H decoupling stated above, the short rotation period under very fast MAS has increased complexities involved in design of recoupling sequences. Under very fast MAS, the number of pulses applied in a rotation period is limited to a few because each pulse has a considerable width compared to the short rotation period; this limitation considerably restricts the degree of freedom allowed in the design of recoupling pulse sequences. Also, the assumption of the negligible pulse widths ͑␦-function pulse limit͒ is no longer valid with the short rotation period of very fast MAS, even though ␦-function pulses have been assumed in the design of most conventional recoupling sequences. Under very fast MAS, spin evolution during the non-negligible pulse width ͑so-called finite pulse-width effects͒ may seriously degrade the recoupling performance of pulse sequences designed for slow MAS. Hence, the design of recoupling pulse sequences under very fast MAS must compensate for or take into account of finite pulse-width effects. For the above reasons, so far only a few pulse sequences have been developed to restore 13 C-13 C dipolar interactions under very fast MAS. rf driven recoupling ͑RFDR͒ sequence 3, 38 has been utilized for recoupling under very fast MAS up to at spinning speed of 30 kHz. 35, 50 However, the recoupling efficiency of this sequence strongly depends on the differences of the chemical shifts. This property has made it difficult to analyze cross peak intensities quantitatively in two-dimensional ͑2D͒ 13 C/ 13 C chemical-shift correlation experiments incorporating RFDR in a mixing time. In addition, distance measurements by RFDR cannot be applied to a system with small 13 C shift differences. 33, 38 HORROR sequence, 51 in which the 13 C rf field is matched to R /2 can recouple homonuclear dipolar interactions over spinning speed of 30 kHz. However, this sequence is extremely sensitive to experimental nonidealities such as rf inhomogeneity and resonance offsets. An adiabatic version of this sequence 52 has significantly improved its performance. However, the recoupling mechanism has not been explained for more than two-spin system; hence, quantitative or semiquantitative analysis of cross peak intensities still remains ambiguous in 2D correlation experiments for multiply 13 C-labeled samples. Furthermore, this sequence cannot be applied to distance measurements because the transfer efficiency is insensitive to variation of internuclear distances.
In this paper, we propose and experimentally demonstrate a pulse sequence for homonuclear recoupling based on a new approach, constructive usage of finite pulse-width effects. The proposed sequence, finite pulse RFDR ͑fpRFDR͒ restores dipolar interactions using spin evolution during finite pulses in a rotor-synchronized -pulse train. Because only one or a few pulses are required in each rotation period, this approach provides a good basis for manipulating spin Hamiltonian in the design of recoupling sequences under very fast MAS. It is shown that without any a priori assumption on phase cycles in the -pulse train, the phase cycles for selectively restoring pure zero-quantum dipolar interactions can be deduced. Although the pulse sequence for fpRFDR can be identical to those for RFDR or SEDRA, 53 fpRFDR realizes dipolar recoupling under very fast MAS using dipolar evolution during -pulses without exhibiting much dependence on 13 C chemical shifts in contrast to RFDR and SEDRA.
As an application, we present a long range 13 C-
13
C distance measurement for doubly 13 C labeled ͓1-
C͔Ala-͓1-
C͔Gly-Gly at spinning speed of 30.3 kHz in a field of 17.6 T. With our best knowledge, this is the first result of 13 C- 13 C distance measurements under very fast MAS over 20 kHz. We also demonstrate 2D 13 C/ 13 C chemical-shift correlation spectroscopy with fpRFDR on fibrils of segmentally 13 C-and 15 N-labeled Alzheimer's ␤-Amyloid (A␤) fragment which is taken from residue 16-22 (A␤ [16] [17] [18] [19] [20] [21] [22] ) of the full length A␤ peptide. It is demonstrated that secondary structures of the fibril peptide can be elucidated based on assignments obtained from the 2D correlation spectrum using empirical relationships between 13 C isotropic chemical shifts and molecular conformations. So far, structural studies of peptides/proteins based on 13 C chemical shifts have been carried out by an approach using selectively 13 C-labeled samples. Although this approach has been proven to be very effective, 54, 55 investigating an extended region of a peptide/ protein in this approach tends to be very difficult or sometimes impossible because of extensive labors required in preparations of many labeled samples. We show that the present approach under very fast MAS for uniformly/ segmentally 13 C-labeled samples by significantly increasing assignment and structural information per a sample, with much improved resolution. High-throughput secondarystructure determination based on 13 C chemical shifts ob-tained from 13 C- 13 C correlation NMR for peptides/proteins in which multiple residues are uniformly 13 C-labeled is also discussed.
II. THEORY

A. Derivation of effective Hamiltonian by fpRFDR
In this section, we describe a recoupling mechanism of fpRFDR based on constructive usage of finite pulse-width effects. Although a -pulse train with conventional rectangular pulses is convenient as a fpRFDR pulse sequence for its experimental simplicity, we treat theoretically general cases involving a train of general shaped 56, 57 or composite 58 pulses with an arbitrary phase cycle in order to exploit the possibility of this sequence. For a dipolar coupled homonuclear spin system under MAS, its spin Hamiltonian is given by
where H rf (t), H CS (t), and H D (t) denote spin Hamiltonians due to an rf field, chemical shifts, and dipolar couplings, respectively, ⍀ j (t) is the sum of isotropic and time dependent anisotropic chemical shifts for spin j,D jk (t) is a time dependent dipolar coupling constant between spin j and k,
, and R denotes a rotation cycle. T 1m j and T 2m jk are the first and second rank reduced tensors of order m, 59 which represent the spin part of the chemical-shift interaction for spin j and that of the dipolar interaction between j and k, respectively. To express H rf (t), we consider a phase-and symmetry-cycled -pulse train, in which a pulse is rotor-synchronously applied every rotation period following the pattern:
where 2 denotes the interval between pulses, R l l denotes the lth pulse (1рlрL) of phase shift l , symmetry sign l ͑ l ϭ1 or Ϫ1͒, and duration W , and R ϭ2ϩ W . In terms of implementation of pulse sequences, R 0 Ϫ1 is obtained by inverting all the y components of rf fields ͑and all the z components from a dc or audio frequency field as an external perturbation if any͒ in R 0 ϩ1 , which is an arbitrary pulse with a net rotation of exp(ϪiI x ), and then R Ϯ1 is obtained by shifting all the phases in R 0 Ϯ1 by . The net rotation of R l l is, irrespective of l , described as
where V Ϯ1 (⌬ W ) denotes an spin evolution due to R Ϯ1 after a duration of ⌬ W from the beginning of the pulse, 0 р⌬ W р W , and ⌬ W ϭtϪϪ(lϪ1) R . Hence, spin evo-
are related by an axially symmetric operation,
When the pulses are ideal ␦-function pulses, the above sequence corresponds to the RFDR 3 or SEDRA 53 sequence. In contrast to them, in fpRFDR, R l Ϯ1 can be an arbitrary amplitude-and phase-modulated shaped pulse or composite pulse whose phase is shifted by l , as long as the above-mentioned symmetry of R 0 Ϯ1 is retained. For example, R l Ϯ1 can be a composite pulse such as
, any amplitude-modulated pulse of phase l , a combination of two (/2) l pulses, or a rectangular pulse of phase l . It is note worthy that spin evolution due to a general composite or phase-and amplitude-modulated pulse C can be given in the
, and hence, R 0 ϩ1 is generated from C by shifting of all the phases of rf fields in C by /2. Thus, H rf (t) for the fpRFDR sequence can be described as follows:
where n is a natural number, and I ϭ ͚ j I j ͑ϭX, Y, or Z͒. The amplitude and phase factor of the pulse, 1 (t) and (t), do not have to be constant over a -pulse period, but should be periodic for R . Here, we transfer the system to an interaction frame with respect to H rf (t). 60 Then, the interaction Hamiltonian in this frame is given by
and
where H ⌳ (t) is the interaction Hamiltonian for the spin interaction ⌳ ͑⌳ϭCS or D͒, and T is a Dyson's time ordering operator. Because the evolution due to H rf (t) has a property of rotation, the evolution operator for the first pulse of 1 ϭ0 and 1 ϭ1 ͑namely, R 1 1 ϭR 0 1 ͒ can be given by Euler transformation as
where ␣(t), ␤(t), and ␥(t) denote the Euler angles in the x convention, 61 ␣(t)ϭ␤(t)ϭ␥(t)ϭ0 for 0рtϽ, and ␣(t) ϭ␥(t)ϭ0 and ␤(t)ϭ for ϩ W рtр R . When the first pulse has the general phase 1 and symmetry 1 , using Eqs. ͑5͒, ͑6͒, ͑14͒, we can express the evolution due to H rf (t) as
͑15͒
For a general phase modulated pulse, ␣(t), ␤(t), and ␥(t) are numerically calculated for a given H rf (t) from Eq. ͑14͒. It is noteworthy that ␣(t)ϭ␥(t)ϭ0 and ␤(t) ϭ͐ t dtЈ 1 (tЈ) for the pulse without phase modulations. For the nth pulse, the evolution operator due to H rf (t) is given by
where ⌬tϭtϪ(nϪ1) R and the Euler angles ͑␣, ␤, ␥͒ are common with those in Eqs. ͑14͒ and ͑15͒. Using Eqs. ͑13͒, ͑15͒, ͑16͒ and the relationship
can be described as follows:
where ⌬tϭtϪ(nϪ1) R and (nϪ1) R рtϽn R . From Eqs. ͑11͒, ͑12͒, ͑17͒, ͑18͒, the interaction Hamiltonian is given by
where n ϵ(Ϫ1) n n and ␣, ␤, and ␥ in Eqs. ͑20͒ and ͑21͒ denote ␣(⌬t), ␤(⌬t), and ␥(⌬t), respectively. We consider only the pulse sequence which satisfies U rf (L R )ϭϮ1 so that the interaction Hamiltonian fulfills a periodic condition, 60 H int (t)ϭH int (tϩL R ). This is satisfied when the number of the pulse in the phase and symmetry cycle, L is an even number and
where M is an arbitrary integer. Taking the time average of Eq. ͑19͒, we obtain the lowest order average Hamiltonian:
where ⍀ m j , m j , D m jk , and d m jk , are real coefficients depending on the duty factor of the -pulse train and the -pulse
for a pulse without phase modulations. The terms in the squared brackets in Eq. ͑24͒ and Eq. ͑25͒ represent the average Hamiltonian for the chemical shift and dipolar interactions in the lth subcycle in the phase cycled -pulse train, respectively. Clearly, we can restore chemical-shift interactions and dipolar interactions of different orders by utilizing finite pulse-width effects under very fast MAS in a constructive way. The effects of the phase cycle in the subcycle l are given by (Ϫ1) lϪ1 exp(Ϫim⌽ l ) and exp(Ϫim⌽ l ) for chemical shifts and dipolar interactions of order m, respectively. On the other hand, the effects of symmetry cycle are denoted by m l in the second terms in curled parentheses. These properties provide a way to distinguish dipolar couplings or chemical shifts of different orders. Apparently, zeroquantum terms for dipolar interactions (mϭ0) in Eq. ͑25͒ cannot be removed by any phase or symmetry cycles, 62 while those for chemical shifts vanish over two cycles for any phase cycle. Although designing a shaped pulse which removes zero-quantum dipolar coupling makes it possible to restore dipolar interactions of the other order selectively, it is straightforward to exploit the phase cycles which remove all the interactions but the zero-quantum 13 C-13 C dipolar Hamiltonian. Various possibilities exist in the choice of phase and symmetry cycles that meet the above requirements. For general phase-and amplitude-modulated pulses or general composite pulses, l ϭ͕1ϩ(Ϫ1) l ͖/L and l ϭ(Ϫ1) l , derived from ⌽ l ϭ2(1Ϫl)/L ͑1рlрL and 4 рL͒ and l ϭ1, satisfy all the above requirements to restore the zero-quantum dipolar Hamiltonian selectively. The phase cycle l ϭ͕1ϩ(Ϫ1) l ͖/L was recently exploited as an ''Rsymmetry cycle'' by Levitt's group. 63 When a pulse without phase modulation ͑or switching͒ is employed ͓i.e., ␣(t) ϭ␥(t)ϭ0͔ in each rotation cycle, only the former condition: 
is also valid for a -pulse train with phase modulated pulses although Eq. ͑27͒ cannot be applied to obtain ␤(t). Clearly, the spin part of the restored dipolar coupling has the form of zero-quantum dipolar coupling T 20 jk , which is identical to that for a static spin system. It should be noted that the form of the average Hamiltonian is different from that in RFDR (I ϩ i I Ϫ j ϩI Ϫ i I ϩ j ), although the same sequence as RFDR can be used for fpRFDR. The coefficient of the dipolar interaction depends on the pulse shape and the duty factor in contrast to RFDR. Apparently, the recoupled dipolar interaction becomes zero in the ␦-function pulse limit: w ϭ0. On the other hand, in conventional RFDR, dipolar couplings can be restored with ideal ␦-function -pulses, irrespective of any phase cycle in the -pulse train. Another difference is that restoration of dipolar interactions by fpRFDR is carried out in the interaction frame with respect to H rf (t), which is different from the interaction frame with respect to H rf (t)ϩH cs (t) used for recoupling by RFDR or SEDRA. In Fig. 1 , we show duty factor ͑d͒ dependence of simulated 13 C- 13 C dephasing curves for the experiments shown in Fig. 2͑a͒ . Figure 1 clearly shows that dephasing due to 13 C- 13 C dipolar interaction is induced only when pulses have finite pulse widths, demonstrating that the origin of the recoupling is the spin evolution during the pulse duration. This result confirms that the mechanism of recoupling by fpRFDR is different from that for conventional RFDR sequence, requiring a finite pulse width for efficient recoupling. In Fig. 3 , we show ͑a͒ the chemical shift difference and ͑b͒ the resonance offset dependence of dipolar dephasing curves obtained by fpRFDR. Figure 3 demonstrates that dipolar recoupling efficiency for fpRFDR is insensitive to a chemical-shift difference up to 20 kHz and a resonance offset of up to 10 kHz. Hence, we know that in contrast to the RFDR sequence, fpRFDR can efficiently restore dipolar couplings under very fast MAS, regardless of chemical-shift differences and resonance offsets, as expected from Eq. ͑26͒. This property considerably simplifies quantitative analysis of cross peak intensities in multidimensional 13 C/ 13 C-correlation experiments. Also, the fpRFDR sequence can be successfully used for 13 C-13 C distance measurements under very fast MAS even for a system of small shift differences, to which conventional RFDR cannot be applied. Although Fig. 3 exhibits a small chemical-shift dependence of dephasing curves, simulations including chemical shifts can compensate this effect to obtain accurate distance measurements.
B. Constant-time recoupling
When we observe a dephasing curve of magnetization or a build-up curve of double quantum ͑DQ͒ coherence for 13 C- 13 C distance measurements, it is practically important to eliminate or compensate the effect of relaxation during the recoupling period. For this purpose, constant-time ͑CT͒ sequences were recently introduced in double quantum filtering ͑DQF͒ experiments by Bennett et al. 66 for an isolated twospin system. In the CT version of DQF experiments ͑CT-DQF͒, a period of effective evolution due to 13 C- 13 C dipolar coupling can be changed by moving the position of /2 pulses with the total period of the recoupling sequence kept constant. Hence, spin relaxation does not induce any variation of signal intensities in a build-up curve of DQF. We found that this technique can be combined with the fpRFDR sequence without essential modifications. However, for precise distance measurements, CT-DQF experiments require relatively long recoupling periods, which may lead to probe arcing or sample heating. As an alternative to compensate for this defect, we propose a simpler CT experiment in which dipolar dephasing of single quantum coherences is observed instead of buildup of double quantum coherences. In Fig.  2͑b͒ , we show a pulse sequence for a CT version of the fpRFDR experiment ͑CT-fpRFDR͒. In this sequence, a rotor-synchronized /2 pulse is inserted in the fpRFDR sequence to refocus dipolar interactions. Refocusing is induced in the same way as a solid echo pulse sequence refocuses dipolar interactions for a static system because fpRFDR yields the same spin part of dipolar interactions as that for dipolar-coupled static spin systems. The effective evolution time, m is described as m ϭ͉NϪM ͉ R , where N and M are the numbers of cycles for fpRFDR shown in Fig. 2͑b͒ . Hence, the effective evolution due to dipolar interactions can be changed by moving the position of the /2 pulse while the total period of the sequence is kept constant. Consequently, 13 C- 13 C distances can be measured without effects of relaxation. Although the refocusing mechanism by a solid echo formation does not generally function for more than three spin systems, it is possible to refocus dipolar couplings for larger spin systems by /2 pulses with WHH-4 phase cycles 67 or alternatives such as MREV-8.
60,68,69
III. EXPERIMENTAL METHODS
A. Sample preparation Doubly 13 C labeled ͓1-13 C͔Ala-͓1-13 C͔Gly-Gly was synthesized following Weliky and Tycko.
14 To avoid the effects of intermolecular dipolar couplings, the labeled AlaGly-Gly was diluted in an unlabeled sample so that the sample contains 4.0% of doubly labeled molecules. The sample of 7 mg was packed in a 2.5-mm rotor and used in experiments.
The labeled and unlabeled A␤ [16] [17] [18] [19] [20] [21] [22] samples were synthesized on a Perkin-Elmer/Applied Biosystems Model 433A solid phase peptide synthesizer using standard FMOC synthesis and cleavage protocols, a rink amide MBHA resin ͑Peptides International͒, and HBTU activation. Unlabeled samples were prepared from Fmoc-protected amino acids purchased from Novabiochem. Labeled samples in which In all the experiments, 13 C transverse magnetization was prepared by cross polarization. In ͑a͒, XY-8 or XY-16 pulse sequence is applied so that a pulse is applied at the same point in every rotor cycle, R . Time evolution of the spins during the finite pulse width restores 13 C- 13 C dipolar couplings with the same spin part as that for a homonuclear dipolar coupling in a static system when XY-4, XY-8, and other phase cycles described in the text are used. The restored dipolar interaction can be measured through dephasing of the transverse magnetization when transverse relaxation is negligible. In ͑b͒, a (/2) y pulse is sandwiched by fpRFDR sequences of N and M pulses with the above-mentioned phase cycle. Each of N and M must be the number of multiples of the phase cycle. The /2 pulse partly refocuses dipolar evolution in the same way as a /2 pulse induces a solid echo for static solids, so that the effective evolution time due to dipolar coupling ( m ) is proportional to ͉NϪM ͉ R . Hence, the evolution time dependence of dipolar dephasing is measured by changing NϪM for a fixed NϩM , eliminating the effects of transverse relaxation. In ͑c͒, after t 1 evolution due to 13 C isotropic chemical shifts under 1 H decoupling, the real or imaginary component is stored along the z axis. After the unnecessary component in the transverse plane is dephased, 13 C-13 C dipolar couplings restored by the fpRFDR sequence enhance spin exchanges among 13 C longitudinal magnetization. In the t 2 period, 13 C signal is detected under 1 H decoupling. The above-mentioned phase cycle should be used to enable mixing due to zero quantum dipolar couplings.
FIG. 3. Simulated chemical-shift difference
͑⌬͒ dependence ͑a͒ and resonance offset ͑⌺͒ dependence ͑b͒ of dipolar dephasing curves obtained by fpRFDR sequences. Chemical-shift differences and resonance offsets were indicated in the figure, where ⌬ϭ⍀ 1 Ϫ⍀ 2 , ⌺ϭ(⍀ 1 ϩ⍀ 2 )/2 and ⍀ j is a resonance offset for spin j( jϭ1,2) with pulses of 10 s widths (d ϭ0.30). Simulations were performed by the multistep method ͑see the caption of Fig. 1͒ for the same system and conditions as for Fig. 1 except for the above-mentioned chemical shifts and the pulse widths. For ͑a͒, the carrier frequency for fpRFDR was set at the middle of the two resonances (⌺ ϭ0), and for ͑b͒ the difference of chemical shifts was considered to be zero (⌬ϭ0). No anisotropic shifts were included in the simulations.
segments from Leu-17 through Ala-21 are uniformly 13 C and 15 N labeled were prepared using FMOC-protected labeled and unlabeled amino acids. Uniformly 13 C and 15 N-labeled Leu, Val, Phe, and Ala were purchased from Cambridge Isotope and Isotech. Fmoc protection of these amino acids was done by Midwest Biotech. The synthesized A␤ [16] [17] [18] [19] [20] [21] [22] samples were purified by HPLC using a water/acetonitrile gradient with 0.1% trifluoroacetic acid and a Vydac C18 reversephase column. Final purity is greater than 95%, as determined by electrospray mass spectrometry. The labeled and unlabeled A␤ [16] [17] [18] [19] [20] [21] [22] were mixed in a ratio of 1:9. Then, a 200 M aqueous solution of the mixture was incubated for a week with 0.01% of Na͑N 3 ͒ and 1.0 mM phosphate buffer at pH 7.0 and 24°C. The precipitated materials were collected by centrifuge and dried. The formation of fibril was confirmed by existence of optical birefringence using polarized microscopy. The sample of 4 mg was packed in a 3.2 mm MAS rotor for solid-state NMR measurements.
B. NMR methods
Solid-state NMR experiments were carried out on Bruker DMX-750 ͑17.6 T͒ and Chemagnetics Infinity 400 ͑9.39 T͒ spectrometers. Distance measurements by CTfpRFDR were carried out at 17.6 T with a Bruker double resonance MAS probe using the pulse sequence shown in Fig. 2͑b͒ under spinning at 30.3 kHz. A XY-16 phase cycle was used with rectangular -pulses of 10 s widths. An adiabatic cross polarization ͑CP͒ sequence 70 was used to maximize the coherence transfer efficiency. A tangential pulse shape was used for the 13 C channel with an rfamplitude sweep from 54 to 32 kHz during a contact time of 2 ms, while a cw pulse of amplitude 73 kHz was used for the 1 H channel. The 1 H decoupling field during the detection period is 7 kHz. This low power for 1 H decoupling gives the best resolution by avoiding interference between the decoupling field and modulation of 1 H- 13 C dipolar couplings under very fast MAS. In the experiments, no 1 H decoupling was employed during periods for dipolar recovery although high-power 1 H decoupling is generally required during dipolar recoupling sequences to avoid rapid decay of signal due to 1 H-13 C recoupling effects 37 as noted in the introduction. In the present case, weak 1 H-
13
C dipolar couplings between carbonyl 13 C nuclei, and neighboring 1 H spins are effectively removed by fast MAS and phase-cycled 13 C -pulse trains as will be described in the following section. The signal intensities from isolated natural abundance carbonyl 13 C in Ala-1 and Gly-2 were subtracted based on the ratio of labeled and unlabeled molecules to obtain a dephasing curve. The ratio was confirmed by the ratio of integral spectral intensities of 13 CO in Ala-1/Gly-2 and natural abundance 13 CO 2 in Gly-3. For 2D 13 C/ 13 C chemical-shift correlation experiments at 9.39 T, a Chemagnetics triple resonance MAS probe was used. An adiabatic CP sequence was used to maximize transfer efficiency with a tangential shaped pulse for the 13 C channel and a cw pulse for the 1 H channel. The contact time for CP was 4 ms. 1 H TPPM decoupling was employed in the t 1 and t 2 periods, while 1 H cw decoupling was used in the mixing period. The rf amplitude for TPPM and cw decoupling was 110 kHz.
Simulation of dephasing curves was carried out by a multistep method; the time evolution of spin system was calculated by numerically integrating the Liouville-von Neumann equation at regular intervals. Figure 4 shows an experimental dephasing curve ͑filled squares͒ obtained by CT-fpRFDR sequence shown in Fig.  2͑b͒ for ͓1-13 C͔Ala-͓1- 13 C͔Gly-Gly, together with the best-fit simulation for an internuclear distance of 3.27 Å ͑solid line͒. The obtained distance agrees well with the 3.20 Å distance obtained by x-ray diffraction. The error in the present experiment was estimated to be Ϯ0.03 Å. The slight disagreement between the x-ray and NMR distances is probably due to dipolar averaging from vibrational effects 71, 72 and small deviation of pulse shapes from ideal rectangular pulses, neither of which were included in the simulation. To our best knowledge, this is the first 13 C-13 C distance measurement under fast MAS over spinning speeds of 20 kHz. It should be noted that the decay of signal was only 45% ͑i.e., 55% was left͒ after mixing time of 16.8 ms by fpRFDR with full refocusing by solid echo, even though we did not apply any 1 H decoupling field. We also found that applying a weak 1 H decoupling field substantially decreased the signal because of C͔Gly-Gly in unlabeled Ala-Gly-Gly, together with the best-fit simulated dephasing curve for an internuclear distance of 3.27 Å. The spectrum was obtained at a 13 C frequency of 188.6 MHz and a spinning speed of 30.30 kHz ( R ϭ33.0 s). Widths of /2 and pulses for 13 C were 5 s and 10 s, respectively. While NϩM , the total number of CT-fpRFDR cycles, is fixed to 512, N ϪM is changed from 0 to 480 so that the effective evolution time due to dipolar coupling ranges from 0 to 15.8 ms. The experimental dephasing curve is obtained from the average of 13 C carbonyl signals from Ala-1 and Gly-2 after subtracting the contribution of signals from natural abundance 13 C spins. An adiabatic CP sequence ͑Ref. 70͒ was used to maximize coherence transfer and to compensate rf inhomogneity. A tangential pulse shape was used for the 13 C channel with a sweep of an rf amplitude from 54 to 32 kHz, while cw pulse of 73 kHz was used for 1 C multiple pulse sequence is suppressed simply by very fast MAS and fpRFDR. Applying a weak 1 H-decoupling field interferes with the averaging by 13 C multiple pulses, resulting in faster decay of 13 C signals. Figure 5 shows 2D 13 C/
IV. RESULTS AND DISCUSSION
13
C chemical-shift correlation spectrum of fibril of a 9:1 mixture of unlabeled A␤ [16] [17] [18] [19] [20] [21] [22] and labeled one in which residues from Leu-16 through Ala-21 are uniformly 13 C and 15 N labeled. The spectrum was obtained by the pulse sequence shown in Fig. 2͑c͒ . Fast spinning was required to remove line broadening due to strong 13 C- 13 C coupling between directly bonding pairs. Most 13 C signals were resolved except those for Phe-19 and Phe-20. Signal assignments are based on amino-acid-type dependent patterns 35 in the 2D correlation spectrum, and summarized in Table I . Figure 5 clearly shows that efficient recoupling is realized between 13 C spins in side chains as well as between 13 It is possible to examine structure of A␤ [16] [17] [18] [19] [20] [21] [22] from the obtained 13 C shifts based on empirical relationships between 13 C shifts and secondary structures. 54, 55 In Fig. 6 , we plot deviations of the experimental 13 C chemical shifts from the 13 C chemical shifts of the corresponding residue in the random coil peptides 73 for 13 C ␣ , 13 C ␤ , and 13 CO spins. This figure clearly exhibits a tendency of lower frequency shifts for C ␣ , and CO and higher frequency shifts for C ␤ in all the labeled residues from Leu-17 through Ala-21. These results suggest formation of ␤-strand structures across the entire molecule of A␤ [16] [17] [18] [19] [20] [21] [22] C/ 13 C chemical-shift correlation spectrum of fibrillized A␤ [16] [17] [18] [19] [20] [21] [22] in which hydrophobic residues from Leu-17 through Ala-21 are uniformly 13 C, 15 N labeled in 10% of the molecules, together with assignments. The spectrum was obtained at a MAS frequency of 24.00 kHz and a 13 C frequency of 100.8 MHz ( 1 H 400.95 MHz) using the pulse sequence in Fig. 2͑c͒ . During the mixing time of 2.6 ms, the fpRFDR sequence was used. An adiabatic CP sequence was used to maximize transfer efficiency with a tangential shape for 13 correlation spectrum by fpRFDR and other experiments are discussed in the recent review on A␤ [16] [17] [18] [19] [20] [21] [22] fibrils. 27 In the above discussion based on an empirical relationship between chemical shifts and structures, we implicitly assumed that the fibrils formed secondary structures, either ␣ helixes or ␤ strandes. However, in general cases, the assumption is not always valid. In order to elucidate secondary structures without the assumption, we carried out determination of dihedral angles in the peptide main chain ͑ and angles͒ using solid-state 13 C NMR chemical shifts. It is possible for us to relate the experimental 13 C chemical shifts to dihedral angles in the peptide through survey of known 13 C NMR shifts and structures of peptides/proteins in databases. For this purpose, we used the program TALOS 74 recently developed by Bax's group. This program compares chemical shifts from experimental spectra and those from solutionstate NMR database for three adjacent residues ͑a triplet͒ in proteins. From the database, the program selects 10 triplets which have the closest similarity with the experimental chemical shifts and the sequence; then, the average and angles and distributions of these angles are provided for the middle residue in the triplets from corresponding x-ray diffraction data from the Brookhaven Protein Databank. Although this program uses solution-state NMR shifts to elucidate peptide/protein structures, recent studies have revealed that solid-state NMR chemical shifts in proteins exhibit good agreements with those from solution state as long as the protein structure is preserved in solids. 34, 75 To elucidate the secondary structure of A␤ [16] [17] [18] [19] [20] [21] [22] , we used 13 C chemical shifts for C ␣ , C ␤ , and CO. The results are summarized in Table II . The obtained and angles indicated ␤-strand structures for all the labeled residues. These results clearly exclude the possibility of formation of turns in fibrillized A␤ [16] [17] [18] [19] [20] [21] [22] , which have been proposed in structural models for the full length A␤. 76, 77 Relatively large distributions of and angles can probably be attributed to the neglect of side chain conformation dependence of chemical shifts in the program.
So far, structural studies based on 13 C chemical shifts have been carried out by experiments on selectively labeled samples. However, to investigate extended regions in peptides/proteins, experiments on selectively labeled samples have required extensive labors for preparation of multiple labeled samples. In our approach using 13 C/ 13 C chemical-shift correlation NMR under fast MAS, only one sample and one experiment are required to obtain a relatively large number of structural parameters. In addition to partial structures, it is also possible to determine global secondary structures of proteins, simply by assigning 13 C signals based on 13 C-13 C correlation NMR using small number of segmentally labeled samples in which several residues are fully 13 C labeled. Assignments based on 2D 13 C/ 13 C chemicalshift correlation pattern have been difficult for a sequence which contains more than one residue of the same amino acid type. However, for this kind of sequence, we can prepare segmentally labeled samples with solid phase peptide synthesis so that several different amino acids are 13 C isotopically labeled in multiple segments of a sample without duplication of labeled amino acid types.
Compared with the other conventional methods for secondary structure determination such as circular dichroism or infrared spectroscopy, the present method using solidstate NMR enables us to obtain structural information on specific sites or residues in proteins/peptides as well as information on their global secondary structures. Although more accurate structural determination of proteins by solid-state NMR is desirable, the present method using 13 C- 13 C recoupling under very fast MAS provides an efficient way to obtain site-resolved proteins/peptide structures in main chains with reasonably easy experiments and high throughput, compared with previous methods by solid-state NMR.
V. CONCLUSION
In this paper, we present a new approach to recouple dipolar interactions under very fast MAS constructively using finite pulse-width effects. The first order average Hamiltonian analysis has shown that recoupling using finite pulsewidth effects enables us to restore chemical shifts and dipolar interactions of different order under very fast MAS when a pulse was applied every rotation cycle with a general phase cycle. The recoupling sequence, fpRFDR, selectively restores zero-quantum homonuclear dipolar couplings under very fast MAS without much dependence on chemical-shift differences or resonance offsets by suitably designed phase-and symmetry-cycled sequence. It is possible to acquire a wider range of broadband recoupling by employing nonrectangular pulses such as composite or shaped pulses. The first results on a long-range distance measurement over 30 kHz MAS were demonstrated for ͓1-
13
C͔Ala-͓1- N-labeled A␤ [16] [17] [18] [19] [20] [21] [22] . It was also shown that 2D 13 C/
C chemical-shift correlation experiments for proteins/peptides in which multiple residues are uniformly 13 C and 15 N labeled are very useful for secondary structure determination from solid-state NMR chemical shifts with high throughput and efficiency. [16] [17] [18] [19] [20] [21] [22] peptides determined from 13 C chemical shifts using the TALOS program. 13 C ␣ , 13 C ␤ , and 13 CO shifts from Leu-17 through Ala-21 shown in Table I 
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